Resulting from its wide range of beneficial properties, the conjugated conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) is a promising material in a number of emerging applications. These material properties, particularly promising in the field of bioelectronics, include its well-known high-degree of mechanical flexibility, stability, and high conductivity. However, perhaps the most advantageous property is its ease of fabrication: namely, low-cost and straight-forward deposition processes. PEDOT processing is generally carried out at low temperatures with simple deposition techniques, allowing for significant customization of the material properties through, as highlighted in this review, both process parameter variation and the addition of numerous additives. Here we aim to review the role of PEDOT in addressing an assortment of mechanical and electronic requirements as a function of the conditions used to cast or polymerize the films, and the addition of additives such as surfactants and secondary dopants. Contemporary bioelectronic research examples investigating and utilizing the effects of these modifications will be highlighted. ⁎ Corresponding authors. Fig. 2. Electrochemical polymerization. Morphology variation as a result of (a), (b), (c) counterion and cation (of the counterion) variation [39], (d) no use and (e) use of co-polymer EPh [40], (f) acid treatment of electrode surface, (g) EDOT monomer concentration, (h) applied polymerization potential, (i) electrode size (i.e. charge density) [38], and (j) PAA present during polymerization using LiClO 4 with (k) observed electrochemical impedance values [44]. Various biopolymer counterion use and resulting morphologies: (l) PSS (for comparison), (m) heparin, (n) hyaluronic acid, and (o) fibrinogen [48]. Blue borders group images from specific studies.
Introduction
In recent years, conducting polymers have gained attention as their flexible and conformable material characteristics are valuable for the emerging field of organic electronics. Among conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) has been at the forefront of rapid development in this area, contributing significantly to an extensive new realm of applications for flexible and stretchable electronics [1, 2] . This expanding field includes a long list of applications, including stretchable integrated circuits [3] , active matrix displays [4, 5] , stretchable solar cells [6, 7] , and light emitting diodes [8] ; all relying on good electronic conductivity and the tunable mechanical properties of the active material [9, 10] . A more specific domain in which flexible and conformable material characteristics are particularly beneficial is the field of bioelectronics. Soft, compliant material properties can better match biological systems, significantly improving the interface between biological tissue and electronic devices while avoiding detrimen tal effects [11] [12] [13] . Specific applications include wearable sensors, robotics, hemispherical eye cameras, implants and artificial tissue [14] . To achieve the material properties required for applications such as these, low tensile moduli are needed to achieve good performance over the large range of deformations regularly exhibited by biological systems [15] · Although a few promising conductive and flexible organic materials exist, the field of bioelectronics has well-demonstrated the potential of poly(3,4-ethylenedioxythiophene) (PEDOT) through a great deal of application-specific success [14, 16, 17] .
Here we aim to review the role of PEDOT in addressing the assortment of mechanical and electronic requirements for flexible/stretchable electronics, particularly in the case of bioelectronics where mixed ionic/electronic conduction is valuable [14, [18] [19] [20] . The properties of PEDOT films depend strongly on the chemical structure of the polymer, the conditions used to cast or polymerize the films, and the presence of additives such as surfactants and secondary dopants [7] . In previous work, PEDOT films prepared from common formulations and methods tended to degrade under strain (i.e. crack formation), failed to maintain good electrical properties when exposed to pressure or temperature changes, or delaminated over time [19, 21, 22] . Strategies have therefore been developed to ensure that mechanical durability coexists with electrical conductivity. It is the intention of following sections to cover these variations and the resulting mechanical and electrical properties. Section 2 will focus on the polymerization methods and Section 3 will cover specific methods to improve mechanical and electrical properties of the resulting PEDOT films. Important contemporary research examples investigating and utilizing the effects of these modifications for bioelectronic applications will be highlighted in Section 4.
Polymerization methods for PEDOT
PEDOT is currently one of the most successful conducting polymers (CPs) from both a fundamental and practical perspective. This success is a result of its thermal, electrochemical and moisture stability, as well as the high conductivity, optical transparency, and low oxidation potential. The mechanical and electrical properties of PEDOT may be fine-tuned through the use of various counterions, secondary dopants or additives, polymeric blending, variation of processing parameters, and the use of post-treatment methods. By taking advantage of this variability, PE-DOT-based films may be tailored to suit a variety of applications. In this section, the methods to polymerize PEDOT will be discussed, along with the associated advantages/disadvantages of these methods. Example film variations resulting from the these techniques will be presented.
Polymerization methods
PEDOT is oxidized in its conductive state possessing positive charge carriers. In order to compensate for these positive charges, or holes, negatively charged counterions are utilized during the polymerization process. These counterions include low molecular weight anions, such as hexafluorophosphate (PF 6 − ) [23, 24] , perchlorate (ClO 4 − ) [25] , or tosylate (Tos) [26] [27] [28] [29] [30] , polymeric counterions such as polystyrene sulfonate (PSS) or sulfated poly(B-hydroxyethers) (S-PHE) [31, 32] , or biopolymers such as hyaluronic acid, dextran, or heparin [33] . Often, these counterions are called dopants; however, this term can be a misleading analogy to inorganic electronics as they do not dope PEDOT in the traditional sense [34, 35] . Salts of the counterion, or salts of the ox idizing agent in presence of the counterion, are utilized during the polymerization process. The anions incorporated into the resulting doped PE-DOT film thus balance the positive charge carriers. The PEDOT polymerization and oxidation reaction is typically carried out through one of three methods: electrochemical polymerization, wet chemical oxidative polymerization, or vapor phase polymerization (VPP) (Fig. 1) . These techniques have a variety of advantages and disadvantages regarding deposition as well as the resulting film properties. An overview of these qualities will be given here.
Electrochemical polymerization
Electrochemical polymerization of PEDOT is carried out through the electrochemical oxidation of the EDOT monomer in the presence of the counterion. As the counterions are typically present in the reaction solution in the form of salts, this polymerization process facilitates a wide range of possibilities. The choice of counterion influences the resulting surface morphology, the electrical and mechanical properties of the polymer film, and the oxidation level of PEDOT [36, 37] . Furthermore, the parameters of electrochemical polymerization, such as deposition method (i.e. cyclic voltammetry (CV), potentiostatic, galvanostatic, or pulsed deposition), scan speed, deposition charge density, or utilized solvent significantly affect the final polymer [38] . A visual demonstration of these effects is given in Fig. 2 , including an example in which the influence of small anions such as ClO 4 − , PF 6 − ( Fig. 1a ), in addition to variation of the cation (Li + , TBA + ), during electropolymerization was investigated by Melato et al. [39] . It was shown that LiClO 4 leads to a higher electropolymerization efficiency as well as an increased crystallinity and electroactivity of the polymer. The ClO 4 -counterion results in clusters of different sizes and promotes the formation of a more compact morphology ( Fig. 2a,c) , whereby the film porosity increases when the larger cation TBA + is used in place of Li + . The porosity of the PEDOT film obtained with TBA + and the PF 6 − counterion is further increased resulting in a fibrous structure (Fig. 2b) . A similar morphology using TBAClO 4 was demonstrated by Ouyang et al. in a study on the modification of mechanical properties upon introduction of a co-polymer [40] . The co-polymerization with 1,3,5-tri[2-(3,4-ethylenedioxythienyl)]-benzene (EPh) in this example ( Fig. 2d, e ) leads to a more compact crosslinked structure with improved mechanical strength, demonstrated through AFM nanoindentation tests (see Tables 1 and 2 on mechanical characterization techniques). The examples so far involve the use of small counteranions, however electrochemical polymerization of EDOT may also be carried out in the presence of polymeric counterions, as is the case in Fig. 2f -j using PSS. Yamato et al. were the first to report on the electrochemical polymerization of EDOT from an aqueous PSS solution [41] . This polymer was later shown to have high electrochemical stability, particularly when compared with polypyrrole (PPy). Additionally, an alternative polymeric counterion dopant S-PHE was shown to improve the mechanical stability of free-standing films, with film lengths up to 20 m reported [31, 42] .
Differences in PEDOT:PSS film morphology due to variation of the electropolymerization potential, upper scan limit for potential scan deposition, EDOT monomer concentration, H 2 SO 4 pre-treatment of substrates, and current density are clearly seen in Fig. 2f -i (it should be noted that best conditions of each process variation were chosen, resulting in duplicate images, for example 2f bottom and 2 g top). These effects were investigated by Castagnola et al. [38] to optimize mechanical and electrical properties of neural recording electrodes, a bioelectronics application that has shown great potential for PEDOT-based films. An evaluation parameter often employed to indicate how effectively electrodes record or stimulate excitable cells is the electrochemical impedance [43] . Low impedance values are desired, which result from high surface area, in addition to high mobility of ions within the bulk of the polymer film. These advantageous attributes make the increased surface area of the structured film in Fig. 2j theoretically interesting for implantable neural applications. Here, EDOT was polymerized electrochemically using LiClO 4 , analogous to the film in Fig. 2a , however in this case in the presence of polyacrylic acid (PAA) [44] . Although it was shown that PAA does not act as the counterion in this instance, with only ClO 4 − remaining in the film to play this role, it may be seen in Fig. 2k that the amount of this acid present during polymer ization affects the resulting impedance of the final film. Despite the beneficial increase of electrode surface area due to the fibrillary film structure, it is possible that the polymer protruding from the surface may cause delamination issues for implantable applications [45] . Indeed, delamination of electropolymerized films has been observed as a result of such mechanical friction for thick films, in addition to substrate dependent adhesion problems [22, 46, 47] . Methods to improve these issues are discussed in Section 3.1.1.
PEDOT:Biopolymer
Biopolymers are a subset of counterions that are particularly interesting for bioelectronics. As early as 1998, electrochemical polymerization of peptides was applied to glassy carbon electrodes by Huber et al. demonstrating in vivo nerve cell attachment to implanted electrodes. In aspiration of achieving similar beneficial effects regarding tissue interfacing, early studies on CPs were carried out to incorporate biomolecules in PPy matrices through electrochemical polymerization [48] . Building on the studies using PPy (as often the case), this technique was later applied to create PEDOT:biomolecule electrode materials through the incorporation of an anionic biopolymer, playing the role of the counterion. As a result of the discussed ease of counterion exchange in electrochemical polymerization, many PEDOT:biopolymer examples to date are generated through this polymerization process.Numerous negatively charged biopolymers have been employed as counterions for the electrochemical polymerization of PEDOT, including adenosine 5'-triphosphate (ATP), fibrinogen, guar gum, carboxymethyl cellulose, DNA, xanthan gum, pectin, and Glycosaminoglycans (GAGs) such as heparin, hyaluronic acid, and chondroitin sulfate; all demonstrating potential due to their non-toxicity. The initial PEDOT:biopolymer reported by Cui et al. in 2003 utilized bioactive peptide complexes on neural probes [49] . The counterion peptide sequence DCDPGYIGS resulted in high-quality neural recordings using the modified electrode sites. In 2008, an in vitro study of PE-DOT:ATP electrodes was carried out by Xiao proved neural (PC12) cell adhesion in comparison to PEDOT:LiClO 4 . The authors proposed the use of PEDOT:ATP as a potential neural implant material [50] . Also particularly focused on improving implantable neural interfaces, Asplund et al. have investigated a variety of PE-DOT:biopolymer complexes to improve the implant/tissue interaction [33, 51, 52] . The various morphologies resulting from variation of biopolymer are compared to that using PSS in Fig. 2l -o. In 2011, Lv et al. provided results on the electroactivity of PEDOT films doped with anionic polysaccharides. Although no specific biological application was targeted, good electrochemical properties were demonstrated in comparison to (some) standard counterions as well as good texture and adhesion properties on ITO [53] .In general, it is evident that variation of counterion and electrochemical polymerization parameters affect the polymer film properties. Taking this effect into consideration, it may naturally be assumed that using alternative polymerization processes (vapor phase or chemical oxidative polymerization) will further affect the film. The alternative polymerization processes and example polymer films will be discussed in the following two sections. [149] Chemically and electrochemically polymerized
Cohesion energy
An indirect method that measures the adhesion of the bonded interface between elastic sheets; in some cases bending is not sufficient to crack the film. Thin film cracking (loop test) [150] Chemically and electrochemically polymerized
Relative shear strength
An indirect method to measure the ratio of interfacial shear strength and shear strength, with a critical value of 1 providing an indicator of the potential failure mode.
Chemical oxidative polymerization
Whereas electrochemical polymerization induces oxidation of the EDOT monomer through the application of an electrical potential, chemical oxidative polymerization utilizes chemical oxidation to induce this polymerization process. A wide variety of PEDOT:counterion composites is also possible by chemical polymerization; however, the counterions practically employed are fewer in number compared to electrochemical polymerization. This limitation is a result of the utilized salt typically performing the dual role of oxidizing agent to induce polymerization as well as providing the counterion for the PEDOT complex. In the initial work on chemical oxidation of PEDOT from Jonas and Schrader, many possibilities for oxidation agent possibilities were given based on their low-cost and ease of handling [54] . These options include FeCl 3 , Fe(ClO 4 ) and the iron(III) salts of organic acids and of inorganic acids containing organic radicals, H 2 O 2 , K 2 Cr 2 O 7 , alkali metal or ammonium persulphates, alkali metal perborates, and potassium permanganate [54] . The chosen oxidant influences, among other things, the polymerization kinetics, which in turn have an effect on the PEDOT deposition and the resulting film properties. For example, extremely fast polymerization rates may give rise to unwanted side reactions and result in partial conjugation of polymer chains or precipitates within the solution [55] . Rate-controlling additives, such as imidazole, pyridine, or triblock copolymers (i.e. poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) or PEG-PPG-PEG), may be employed in this case to slow the process and give films with desirable properties [30, [55] [56] [57] [58] . Conversely, extremely low rates may need an additional catalyst to polymerize the film, but are practical due to straightforward addition of co-polymers, co-solvents, or other additives to a single solution ( Fig. 5 , Section 3) [54] .
Overall, a large parameter space is available to tune and optimize chemically polymerized PEDOT films for the intended application. The available parameters include the monomer and its concentration, a variety of oxidants (i.e. counterions), additives and their concentrations, and additional factors such as humidity, temperature, and the utilized solvent. To date, the most often used and studied oxidizing agents for EDOT are iron(III) chloride (FeCl 3 ) and iron(III) tosylate. The polymers generated by these oxidants are easily prepared and result in a well-controlled deposition of films achieving high-conductivity, high transparency and good mechanical properties [59, 60] . The research concen
trated on iron(III)-based oxidants stems from the limited solubility of EDOT in water in contrast to its miscibility with alcohols [30] . In 2004, Ha et al. performed a methodical study on a variety of such solvents (methanol, ethanol, n-butanol, 2-methoxy ethanol, pentanol, hexanol), in which the influence of these and several other individual processing components on resulting PEDOT films was considered [30] . The concentration of the monomer and oxidant (iron (III) toulenesulfonate (Fe(OTs) 3 -Tos)) were varied in addition to that of imidazole (i.e. the rate-inhibitor). The results demonstrated the ability to suppress overdoping and reduce surface roughness (Fig. 3a ). The highest PEDOT conductivity (at that time) was attained, 900 S/cm, while increasing film transparency, particularly important for display technologies [61] [62] [63] . Numerous studies followed, aimed at further increasing the electrical conductivity of chemically oxidized PEDOT. Successful approaches will be highlighted in Section 3.2.1. The examples of chemical oxidative polymerization thus far involve non-aqueous solutions. As stated above, this constraint is related to the poor solubility of EDOT in water. A well-known method to circumvent the water-solubility issue, however, involves the use of PSS, the most promising PEDOT counterion to date. The following sections will shortly overview PEDOT:PSS as well as the (typically) aqueous chemical oxidative polymerization of PEDOT using biopolymer dopants. 3 , demonstrating a decrease in surface roughness through the use of a polymerization rate inhibitor (imidazole), resulting in better transparency and simultaneous improvement in conductivity [30] . b), c) Chemically polymerized PEDOT films with biopolymer counterions. b) PEDOT:hemin "brooms" [75] and c) PEDOT:sulfated cellulose chemical structure and AFM morphology comparison with PEDOT:PSS [79] . Blue borders group images from specific studies.Reproduced with permission of: [30, 75, 79] (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). :poly(styrene sulfonate) (PEDOT:PSS) is often created through chemical oxidative polymerization and is the most practically successful conducting polymer (CP) to date. The result is an aqueous microdispersion (i.e. not completely miscible with water), which may be obtained commercially [64] . Distinctive properties contributing to the success of PEDOT:PSS include this commercial availability as well as straightforward processing by versatile deposition techniques. Polymer films formed from the aqueous micro-dispersion possess high electrical conductivity, high optical transparency in the visible light range, intrinsically high work function, and good chemical and physical stability in air [65] . Although extremely practical, the capability to tailor polymer properties on a synthesis level are limited. This emphasizes the importance of additives and process parameter control to tune PEDOT:PSS films. For example, the electronic and mechanical properties may be significantly enhanced through the utilization of additives such as organic (co)solvents, ionic liquids, surfactants, as well as thermal or acidic post-treatment methods [66] [67] [68] [69] [70] [71] [72] [73] . These methods are often utilized in order to take full advantage of application-specific tailoring possibilities, enhancing substrate wettability, stability, flex/stretch performance, conductivity, and transparency. A substantial amount of work has been carried out related to this topic of PEDOT:PSS film modification and the resulting mechanical and electrical properties. Conductivity improvement has received the most attention to date and the related accomplishments will be covered in Section 3.2.1, while adjustability of PEDOT:PSS mechanical properties overviewed in Section 3.1.1 [32, 64, 73] . Finally, many of the bio-interfacing examples in the applications section employ this material, benefitting from the research carried out to tune the material properties.
PEDOT:Biopolymer
As pointed out in Section 2.1.1, biopolymer dopants are particularly interesting for naturally improving the interface with biological tissue. Driven by the motivation to enable use of PEDOT:biopolymer compounds on insulating substrates and to allow bulk production, chemical oxidative polymerization has been explored. An initial demonstration of this route was given in 2010 using DNA as the dopant/counterion, but relatively few examples are present in literature since this report [74] . The last few years, however, have revealed advancements in this area of research. Although not targeted specifically at bio-applications, interesting nano-structures were demonstrated by Guo et al. in 2014 through a study on the use of hemin as the counterion [75] . The resulting hemin-doped "PEDOT brooms" demonstrated good performance for non-precious-metal oxygen reduction reaction (ORR) catalysts (Fig. 3b ). The following year, Harman et al. reported on a water dispersion using polysaccharide polyanion dextran sulfate (DS) [76] . The PEDOT:DS films were successfully deposited by drop casting, spray coating, inkjet printing, and extrusion printing. The cell line L-929 was used to investigate cytotoxicity, however through the addition of various concentration of PEDOT:DS or PEDOT:PSS to the cell medium, opposed to the often employed technique of cell growth on the deposited polymer. This is likely due to the lack of stability in aqueous media as no stabilizing/crosslinking additive is utilized. In the cell medium/polymer dispersions, similar proliferation rates of the L-929 cells were observed for both PEDOT:DS and PEDOT:PSS in the initial 24 h, while after 4 days PEDOT:PSS demonstrated a 15 %-25 % lower proliferation rate when compared to PEDOT:DS and the control.Recently, a study targeting sustainable energy applications utilized PEDOT:lignin, both electrodeposited and chemically polymerized, emphasizing the abundance of lignin available in nature [77] . While this study was not specifically aimed at improving a bioelectronic interface, relevant parameters, such as specific capacity of the electrode (important for recording and stimulation of biological signals) and electrochemical stability over time (essential to maintain functionality), are re- [79] . A conductivity 38 times higher than pristine PEDOT:PSS, as well as better transparency (across the range of 200 nm-800 nm), was observed for an optimized degree (1.03) of substitution of sulfate groups on the cellulose. In order to extend the use of PEDOT:biopolymer compounds, this electrical conductivity, as well as the mechanical characteristics, of PEDOT:biomolecule dispersions must be further improved.
Vapor phase and chemical vapor polymerization
Vapor phase polymerization (VPP) and polymerization through chemical vapor deposition (CVD) may be viewed as subcategories of chemical oxidative polymerization. Both profit from what is often termed a 'dry' or solvent-less deposition, providing compatibility with insulating and/or complex surfaces, without dependence on wettability of the substrate (Fig. 4a,b ) [80] . The polymerization process is induced chemically, requiring the use of an oxidizing agent. The main difference between VPP and CVD lies in the application of the oxidizing agent. In the case of VPP rather simple equipment may be utilized (i.e. lower vacuum levels or ambient pressure), however the oxidizing agent is typically deposited onto the substrate prior to vapor deposition of the monomer (an illustrative example set-up depicted in Fig. 1b ). CVD, on the other hand, requires a controlled high-vacuum environment, but no liquid-based pretreatment steps are needed as the oxidizing agent is introduced as a vapor into the deposition chamber [81] , [82] . VPP (of non-conducting polymers) was reported in 1978 by Cullis et al., and first demonstrated for CPs (by CVD) some years later by Mohammadi et Fig. 4 . VPP on complex insulating (a) silk and (b) wool gauze surfaces [80] . c) Comparison of morphology (shown here), ion transport, and electrochemical stability of PEDOT deposited by VPP and CVD employing the oxidant iron(III)Cl 3 [84] . Blue borders group images from specific studies.Reproduced with permission of: [80, 86] (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). al. using PPy [83] , [84] . In 2003, Kim et al. were the first to successfully apply this technique to PEDOT attaining a conductivity of 70 S/ cm [85] . Due to the complex nature of the process, intensive research has been carried out to accomplish deposition of various CPs and improve the resulting film properties. Additives may be employed to influence polymer properties, similar to the alternative polymerization processes; however, in this case they are applied to the initial oxidant or introduced into the reaction environment as a vapor along with the monomer. The use of pre-/post-treatment methods and variation of the counterion or process parameters may also be applied to VPP or CVD processes to tune the PEDOT film properties. In addition, the different vapor deposition processes also have a significant effect, as may be seen in Fig. 4c through the morphology comparison between CVD and VPP.
In this example the focus was on the deposition technique while fixing all other parameters [86] . Typically employed VPP oxidant solutions are iron(III) tosylate or iron(III)Cl 3 , however various sulphonate derivatives (trimethylbenzenesulfonate, iron(III) sulphonate), CuCl 2 , Br 2 and HAuCl 3 have also been used [58, [87] [88] [89] [90] .
As a result of the controlled molecular growth of CVD/VPP processes, a great deal of research has been carried out to improve the conductivity of vapor phase deposition of PEDOT. Specific examples of these will be discussed in Section 3.2.1; however, in general, reaction rate controlling additives and tuning process parameters to regulate the crystal growth have been extremely important [57, 58, 91, 92] . Work on these topics, in addition to the use of small counterions to allow for small stacking distances between crystalline planes, have pushed films grown in the vapor phase growth to the highest reported conductivity value to date of all PEDOT polymerization methods (8800 S/cm) [93] . In order to compliment the conductivity achievements and to take full advantage of the compatibility of VPP/CVD with complex or insulating substrates, modification of mechanical properties must be further explored. Variation of additional characteristics such as mechanical flexibility and stretchability, ionic transport, and biocompatibility will enable the use of the advantageous properties of VPP/CVD films in the field of bioelectronics. An overview of the research to date aimed at enhancement of mechanical properties will also be discussed in Section 3. In general, further information may be found in the excellent overviews on VPP of PEDOT and other CP films from Lawal and Wallace, as well as Brooke et al. [94, 95] .
Summary
In summary, the utilized polymerization method and processing parameters significantly affect the resulting polymer film. Electrochemical and VPP methods typically provide a higher degree of freedom regarding polymer film adjustability, and result in valuable material properties such as high conductivity, surface quality, and stable redox chemistry. However, electrochemical polymerization is limited to conducting substrates. Therefore, to improve substrate variability as well as large-scale applications, vapor phase deposition or chemical oxidative polymerization processes are preferred. All methods possess the possibility to tune specific process parameters in order to tailor the characteristics of the resulting polymer. In addition, additives or co-polymers may be employed to modify the film properties. In the following sections, a variety of approaches will be highlighted, demonstrating the ability to modify PEDOT films in order to better match the diverse demands of individual applications.
Methods for improving the properties of PEDOT
The previous section focused mainly on variation of process parameters for the different polymerization methods. The resulting morphology variations as well as the achievements in conductivity enhancement are extremely useful, however, in order to fully take advantage of PEDOT-based films for flexible or stretchable opto-electronic and bioelectronic applications, a variety of additional features must be considered. These include mechanical and electrochemical stability over time, biocompatibility, and ductility or Young's modulus. While developing methods to improve these characteristics, good conductivity of the material must be maintained. This section will review successful techniques to adapt film properties for specific applications and the following Section 4 will discuss selected bioelectronic applications benefiting from these approaches.
Mechanical properties

Mechanical stability and adhesion
An important attribute of PEDOT films is the mechanical stability, in particular for implantable devices, those used long-term on tissue surfaces (i.e. electronic skin), or in vitro platforms where days up to months stability in complex fluid environments is required. Mechanical stability to withstand bending or tensile strain as well as the adhesion of the PEDOT film to the substrate are clear points of importance to obtain useful bioelectronic devices, however not necessarily straightforward to accomplish. These topics are significant for all polymerization methods, with significant concern for long-term use of these materials in biological applications. In this section, we highlight methods that have been developed to increase this stability for the various polymerization techniques.
Electrochemical polymerization Studies on the mechanical stability of electropolymerized films primarily focus on substrate adhesion
as this is one of the main causes of failure for these films. A great deal of research has investigated conductive polymer coatings of clinical electrodes through electropolymerizaion to improve biological recording or stimulation performance. However, as these electrodes typically consist of inert metals, a covalent chemical bond to the conductive electrode is typically not made and upon use cracking and/or delamination often occurs [12, 22, 96, 97] . To improve the physical interaction between PEDOT films and the conductive substrate, and thus to im prove interfacial adhesion properties, multiple approaches have been explored. In order to understand potential adhesion improvements, various methods are employed, including ultrasonication, scotch tape, and cyclic voltammetry or other electrochemical stress testing. Each of these methods stress the deposited film in different ways. Further information on adhesion testing may be found in Tables 1 and 2 as well as by Qu et al. [145, 150] .A simple surface roughening of the substrate prior to deposition has shown improvements in adhesion [97, 98] . A study by Green et al. employed a laser treatment to create roughened Pt surfaces. In addition to substrate roughness, the effects of dopant chemistry were studied, comparing pTS, ClO 4 − , and PSS counterions under passive and active (stimulation) conditions. Electrodes with roughened surfaces and employing pTS or ClO 4 − withstood 1.3 billion cycles of biphasic stimulation, while PEDOT:PSS showed delamination and significant loss in charge storage capacity. This study additionally investigated polymer stability following sterilization processes, demonstrating good resultsa crucial point of importance for long-term implantable bioelectronic applications. Pranti et al. also made use of a surface roughening approach through iodine etching of gold surfaces prior to PEDOT deposition [98] . This method provided films capable of withstanding 11 min of aggressive ultrasonication bath exposure with minimal increase in impedance, while non-etched gold delaminated after 5−7 min.Various material combinations and nanomaterial techniques have been considered to improve the stability of electropolymerized conductive polymers [99] . For example, Abidian et al. created conducting polymer nanotubes through an electrospinning technique, depositing PLLA nanofibers and subsequently electropolymerizing the conducting polymer [100] . Following dissolution of the nanofiber scaffold, PEDOT or PPy nanotubes remain on the electrode surface and show improved adhesion when compared to the polymers deposited without this nanostructure. Although an interesting method regarding the increase in surfaces area, rather mild adhesion testing was carried out compared to other studies and, in addition, the films physically protrude from the substrate, potentially problematic for implantable devices. A study by Lu et al. employed poly(vinyl alcohol)/poly(acrylic acid) interpenetrating networks to increase adhesion and stability of PEDOT:PSS microwires on platinum electrodes for an in vivo optogenetics study [101] . In this work, the resulting interpenetrating PEDOT/PSS-PVA/PAA networks demonstrated only 8 % loss in electrochemical performance following stability testing (100 CV cycles between -0.6 V and 0.6 V with a subsequent 1 week soak in ASCF), while PEDOT:PSS alone suffered 95 % loss. Boehler et al. investigated both surface structuring as well as chemical interaction at the polymer/ metal (oxide) interface of PEDOT:PSS and PEDOT:Dex on Pt, nano-structured Pt, and Pt/IrOx surfaces [102] . Rigorous stability testing was carried out, with CV cycling up to 10,000 cycles (-0.6 V -0.9 V) and aging in 60°C PBS for more than 110 days. Nanostructured Pt improved performance, however sputtered IrOx coatings on Pt surface demonstrated the best performance, serving as an excellent adhesion promoter believed to stem from both mechanical and chemical bonding. This study represents the longest stable PEDOT performance thus far (measured in a non-biological environment). The use of carbon nanomaterials such as graphene and carbon nanotubes have also been explored to improve PEDOT stability [103] [104] [105] . CNT-doped PEDOT films on platinum electrode surfaces were demonstrated to be extremely stable by Luo et al. [103] . Long-term stimulation pulses and CVs resulted in minimal loss of PEDOT:CNT electrochemical performance, and the material additionally demonstrated good in vitro biocompatibility [103] . Following these results, this technique has been employed by Kozai et al. for chronic neural recordings (see Section 4.2.3), resulting in the longest in vivo recording period to date using PEDOT [104] .A final promising method of improving the interface adhesion of electropolymerized PE-DOT coatings involves chemical modification of the substrate to allow for covalent binding between the polymer and the substrate. This is a useful approach; however, care must be taken to avoid creating an insulating layer at the interface and to maintain good electrical connection between the electrode and polymer coating. This method was investigated in conjunction with conductive polymer coatings as early as 1995 when Mekhalif et al. studied the effects of various alkythiol or aromatic thiol treatments of metal electrode surfaces [106] . Chemical treatment variables such as the molecular structure, chain length, and solvent were taken into account to understand the resulting changes in adhesion and electrical performance of the subsequently grown polybithiophene polymer. A different approach was used by Carli et al., with the chemical functionalization taking place on the monomer. Aminopropyl-triethoxysilane functionalized EDOT (APTES-EDOT) showed enhanced PE-DOT adhesion on FTO, demonstrated through increased robustness in scotch tape and ultrasonication testing when compared to non-functionalized PEDOT [107] . This improvement is a consequence of the covalent bonding at the polymer/conductive substrate, however surface hydroxyl groups are needed to allow for the binding with the silane group of APTES-PEDOT, thus this may not be employed on inert metal surfaces. A separate EDOT functionalization strategy developed by Wei et al. employed carboxylic acid functional groups (EDOT-acid), to deposit monolayers on ITO and stainless steel [108] . Improved stability was demonstrated in comparison to no use of the EDOT-acid monolayer; however, only ultrasonication characterization (5 min) was carried out and only on the ITO substrate. Ouyang et al. proposed a further option for EDOT functionalization through the use of an amethylamine-functionalized EDOT derivative (EDOT-NH 2 ) [109] . In this report, long-term ultrasonication was used (u to 1 h) as well as CV cycling to assess performance. The adhesion following sonication visually appeared very good, while some decrease in electrochemical performance was seen after 100-300 CV cycles ( Fig. 6a ). Finally, Chhin et al. recently demonstrated excellent stability using an electrochemically grafted (i.e. covalently bound) "home-made" diazonium salt to improve adhesion to platinum and PtIr surfaces. The electrochemical grafting was carried out at the electrode surface prior to electrochemical polymerization of PEDOT [110] . CV cycling (1000 cycles) as well as ultrasonication tests (5−15 min) were applied with outstanding stability results ( Fig. 6b ).
Chemical oxidative polymerization PEDOT:PSS.
Although one of the great benefits of PEDOT:PSS is its water solubility, methods to improve the mechanical stability are required, in particular for bioelectronics where the films are often utilized in aqueous environments. Additives, such as glycidyloxypropyl)trimethoxysilane (GOPs) and divinylsulfone (DVS), that enable physical crosslinking have shown the most potential thus far to alleviate stability issues ( Fig. 6c ) [78] , [111] [112] [113] . The addition of a small amount of GOPs to the PEDOT:PSS microdispersion (often in the range of 1 % v/v) has been widely used for a number of years to attain mechanical stability. Håkansson et al. proposed an explanation on the mechanism of this stabilization. This is illustrated by the bonding of the methoxysilane group of the GOPs molecule to the glass substrate or to other molecules ( Fig. 6d ). Additionally, the SO 3 − groups of PSS are expected to interact with the epoxy ring of GOPs. This results in a network providing physical stability, however it is well known that the conductivity and elasticity decrease with increasing GOPs concentration [113, 114] . Alternative crosslinking methods have thus been sought after to attain highly stable films while maintaining electronic and mechanical performance. Initial results on the use of DVS demonstrate good electrochemical stability for up to two months and higher conductivity when compared to GOPs [78] . An additional advantage of this approach lies in the possibility to anneal the PEDOT:PSS films at room temperature. Further work regarding crosslinking techniques will continue to be important to enable use of PEDOT:PSS for long term bioelectronics applications or for devices [109] . b) Grafting of a "home-made" diazonium salt onto Pt electrode surfaces to improve adhesion and electrochemical stability of the following polymerized EDOT layers [110] c) PEDOT:PSS crosslinker examples (glycidyloxypropyl)trimethoxysilane (GOPs) and divinylsulfone (DVS). d) Interaction of GOPS to crosslink the polymer as well as covalently bind to a glass substrate [112] . e) Adhesion improvement of oCVD films through grafting of the polymer to substrates with aromatic chemical structures. Top: Successful grafting on PET (aromatic), while unsuccessful on PP (non-aromatic) shown through tape/pull-off testing. Middle: Grafting of PEDOT on glass by chemical surface modification to include an additional linker molecule (phenyltrichlorosilane (PTCS)) provides stability for up to one hour of ultrasonication testing (left) while films delaminate after 5 min when PTCS is not used (right). Bottom: Chemical modification of Si substrates with grafting allows for micrometer-scale pattering of PEDOT using standard photolithography techniques (left), while delamination occurs when no linking molecule is used (right) [126] . Blue borders group images from specific studies.Reproduced with permission of: [109, 110, 112, 126] (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
requiring extensive processing steps, where the PEDOT film comes into contact with an assortment of solvents.The crosslinking agent may also aid in solving the issue of substrate adhesion, as stated above for the case of glass illustrated in Fig. 6d . In this example, the hydroxyl groups present at the glass substrate surface are essential. Surface treatments, such as O 2 plasma, UV, or chemical (i.e. acid), may be employed to induce these surface groups, on substrates such as PDMS or PaC [21, 115] . Alternatively, chemical coupling agents not requiring hydroxyl groups and compatible with the utilized substrate may be employed. For example, Curto et al. have demonstrated the importance of an adhesion promoting layer for spin cast films of PEDOT onto gold contacts. In this case the gold does not provide an opportunity to form a covalent bond to PEDOT:PSS or the discussed crosslinking agents (i.e. GOPS, DVS). However, through the use of a self-assembled monolayer of 3-mercaptopropyltrimethoxysilane (MPTMS) the adhesion of PEDOT:PSS was significantly improved by the covalent bond of this layer between the gold surface (as a result of the thiol chemical group) and the GOPs included in the polymer formulation [116] .PEDOT:biopolymer. During the development of PEDOT:biopolymer composites, a variety of material parameters have been investigated in order to evaluate the performance of the polymer, including electrochemical stability, electrochromic properties, conductivity, morphology, and biocompatibility [76, 77] . In several cases, the experimental conditions involve non-aqueous environments, allowing for characterization of the material, however not demonstrating usability at bioelectronic interfaces. Experiments in which the PE-DOT:biopolymer complexes are utilized in an aqueous or biological environment have primarily examined methods to mechanically fortify the polymer through crosslinking chemicals, analogous to those employed for PEDOT:PSS. GOPS has been used to stabilize PEDOT:GAG dispersions for cytotoxicity tests [78] and DVS was added to PEDOT:xanthan gum scaffolds to support 3D cell culture [117] . This mechanical crosslinking should be straightforward to apply to further biopolymer counteranion options which have been studied, such as alginate, cellulose, gelatin, and guar gum, as well as those that will be developed in the future [118] .An interesting addition to the combination of PEDOT with a biopolymer counterion involves blending the polymeric mixture with a secondary non-conductive co-polymer. These hybrid systems provide the opportunity to benefit from the electroactivity of the conducting polymer while imparting softer, more elastic properties of the non-conducting polymer. A particular subcategory of this approach are materials, known as conducting polymer hydrogels, which contain a conductive polymer along with a cross-linked hydrophilic polymer with high water content. Valued properties include high mixed electronic and ionic conductivity and flexibility while maintaining mechanical integrity. Mawad et al. employed this approach, demonstrating a functionalization method to obtain PEDOT−COOH, which is subsequently copolymerized with acrylic acid (AA) in the presence of poly(ethylene glycol) diacrylate (PEG-DA) as the film cross-linker. The resulting electroactive hydrogel scaffold was suitable for biointerfacing, shown through use as hydrated 3D structures for cell adhesion, proliferation, and differentiation [119] . The compliant nature of such conducting polymer hydrogels render these materials promising for bioelectronic applications, however a main drawback involves water evaporation and the subsequent loss of the valuable mechanical and electrical properties. In order to overcome the poor stability of the hydrogels, del Agua et al. recently developed a conducting gel with long-term stability [120] . This material presents a unique combination of properties by combining the ionic conductivity and negligible vapor pressure of the ionic liquid (IL) BMIMCl with the electronic conductivity of PEDOT and the mechanical softness of the polysaccharide. Flexible freestanding films were obtained, combining the conductivity of PE-DOT, the mechanical properties of the polysaccharide, and improved ionic properties of the IL. This is a promising approach, however again characterization was carried out in non-aqueous environments and requires a cross-linking method to allow use in bioelectronic applications. 3.1.1.3. VPP/CVD As a result of the limited use of VPP/CVD PEDOT films for bioelectronics, much of the work to date investigating the mechanical stability of PEDOT deposited from the vapor phase targets applications such as flexible photovoltaic, organic solar cell, or supercapacitors. In addition, a great deal of the existing research makes use of pre-stretched, flexible, or structured surfaces, taking advantage of the substrate variability CVD/VPP deposition, however not focusing on the mechanical integrity of the film itself. The cases that do investigate the stability of the deposited film tend to characterize with bending/buckling tests (see Table 1 ). Skorenko et al. employed this method to demonstrate improved mechanical properties of PEDOT:Fe(PTS) 3 when compared to ITO coated PET as well as PEDOT:PSS on PET films [121] . Various counterions and oxidants were investigated, as well as use of the alkaline reaction rate controller, pyridine. The VPP polymerized films with Fe(PTS) 3 tric device was developed, demonstrating the possibility to create wearable or biomedical energy harvesting devices.Further mechanical stability studies on VPP/CVD of PEDOT focus on the issue of adhesion to the substrate [125] . A methodical study was carried out by to develop a grafting technique of PEDOT resulting in covalent binding to substrates which contain an aromatic chemical structure [126] . A wide variety of substrates were utilized including those with aromatic groups (polystyrene, polyethyleneterephthalate, polycarbonate, polyethylenenaphthalate, polyurethane, and poly(acrylonitrile-butadiene-styrene), as well as those without aromatic rings (polypropylene, polyethylene, polytetrafluoroethylene, polyethyleneoxide, glass, and Si). Chemical functionalization of non-aromatic substrate surfaces, using silane coupling agents to induce covalent binding, was also studied. The grafting technique demonstrated highly improved adhesion properties ( Fig. 6e ) and preservation of electrochemical properties following rigorous ultrasonication testing.
Stretchability/Elastic modulus
In the case of bendable or stretchable bioelectronic applications, not only high conductivity and flexibility of the conductive polymer film are required, but also good elasticity to allow for intimate contact of the electronic transducer with biological tissue. This goes hand in hand with the elastic modulus of the material system, where low Young's moduli are sought after to better match the softness of human tissue. A variety of approaches are highlighted in this section which simultaneously achieve good conductivity and stretchability/elastic modulus. Electrochemical polymerization methods are omitted as these are typically carried out on non-stretchable conductive substrates.
Polymer blends. One technique to attain highly flexible or stretchable CPs is the creation of polymer blends. This blending approach aims to combine the desired electronic and/or ionic conduction properties of the CP with the bendable or rubbery nature of a second polymer. In 2007, Hansen et al. employed this technique, blending PEDOT:Tos with polyurethane elastomer (PUR), achieving stretch performance of over 100 % while retaining reasonable conductivity (~100 S/cm) [127] . Advantages of their method include the straightforward prepa ration of the polymer blend as well as the solution processability, which allows deposition on a variety of substrates. This technique has been adopted in the group of Kai et al., with a recent study focused on the electrochromic properties of the PEDOT:pTS/PUR composite film for stretchable, wearable display applications [128] . The free-standing films are utilized in combination with a hydrogel, acting as a stretchable electrolyte reservoir, to construct a stretchable electrochromic display ( Fig. 7a ). Good performance was shown with insignificant degradation following 100 redox cycles of the free-standing film, as well as reversible color switching at 50 % elongation. The reported elastic moduli down to 13 MPa, measured by tensile strain test with a free-standing film ( Table 1) , is also a significant accomplishment for the desired bioelectronic applications. Choong et al. have also made use of a composite system, blending PEDOT:PSS and PUD and coating PDMS substrates to create pressure sensors for electronic skin, further discussed in Section 4 [129] . Employing a similar concept, Maziz et al. have reported on an interesting microactuator application using an "interpenetrating polymer network" (IPN) [130] . Contrary to a polymer blend, an IPN consists of two (or more) separate polymer networks interlaced throughout one another [131] . In this work, PEG, PEDOT, and nitrile butadiene rubber (NBR) are brought together, each contributing to the desired ionic, electronic and mechanical properties, respectively. The resulting micropatterned 'electroactive polymer micromuscles' demonstrate improved performance compared to previous results and have potential in microactuator applications.
PEDOT:PSS. The elastic performance of PEDOT:PSS (and other CPs) has been enhanced through various methods, including the above-mentioned polymer blends, patterning of serpentine contacts, CP deposition on pre-stretched substrates, micro-or nanostructuring, and/or directing strain away from active components dispersed across an elastic matrix [132, 133] . However, the ability to render a conductive film 'intrinsically stretchable' through blending with additional components (Fig.  5a) is far more practical and avoids complicated fabrication techniques. Many approaches based on additives or secondary doping, to achieve improved tensile (i.e. Young's) modulus typically enhance either the stretchability or the conductivity, but rarely both simultaneously Fig. 7 . Stretch performance of PEDOT films. a) PEDOT:pTS/PUR blend for stretchable, wearable electrochromic display applications [128] . b) "Polymer dough" obtained through the use of additive Triton in a PEDOT:PSS formulation [5] . c) Schematic diagram representing the structure of a PEDOT:PSS film without (left, upper) and with (left lower) ionic liquid. Middle: Free-standing PEDOT:PSS/ionic liquid film with applied strain. Right: Stress-strain and strain cycling curves [133] . Blue borders group images from specific studies.Reproduced with permission of: [128, 5, 133] (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). [21, 132, 134] . Additives which have played an important role in the endeavor to achieve optimal stretchability and conductivity include ionic compounds such as ionic liquids (ILs), anionic surfactants such as sodium dodecyl sulfonate (SDS), or dodecyl benzene sulfonic acid (DBSA), and nonionic surfactant polymers polyethylene glycol (PEG), Zonyl (now Capstone), and p-t-octylophenol (Triton X-100) [6, 66, 72, [135] [136] [137] . Following substantial work in this field over the past decades, major advancements have been reported in the past few years.
The effects of Zonyl fluorosurfactant and DMSO were investigated in 2015 by Savagtrup et al. to optimize the tensile modulus of PE-DOT:PSS and increase resistance to film cracking [21] . Improved mechanical compliance was demonstrated for increased concentrations of Zonyl, subsequently utilized for skin-like resistive strain sensors, an application highlighted in Section 4. The following year Oh et al. reported on a "polymer dough" using the nonvolatile surfactant plasticizer Triton (Fig. 7b) [5] . With this additive alone the PEDOT:PSS films attained modest conductivity of approximately 80 S/cm; however, when coated over metallic circuits, a healing effect was observed with the PE-DOT:PSS dough curing cracks in the metal upon applied strain, maintaining metallic conductivity.
Recent impressive results yielding highly stretchable and conductive PEDOT:PSS layers employ ionic additives such as ILs. In 2002, Lu et al. were one of the first to investigate the idea of IL additives in CPs, improving the long term electrochemical stability [138] . Some years later, Döbbelin, et al. applied this idea to PEDOT:PSS using a family of additives based on ILs, enhancing the charge transport the films with a factor of 500 conductivity increase [72] . This report also confirmed the presence of the ILs in the final polymer film. In 2012, Badre, et al. employed the IL 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) to attain higher conductivities, up to 2084 S/cm, with 96 % transmittance at 550 nm and good flexibility, however no analysis of elasticity [66] . Attaining good stretchability with conductivities in this range was first shown by Teo et al., using the same IL additive, EMIM TCB. Conductivity values greater than 1000 S/cm were achieved and maintained when the films were stretched up to 50 % on PDMS substrates and up to 180 % when deposition on a pre-strained substrate [132] . The following year, a remarkable achievement was reported in 2017 by Wang et al. in an investigation of an extended set of ionic compounds. Conductivities higher than 4100 S/cm under 100 % strain were achieved, in addition to record breaking strain performance of up to 800 % (Fig. 7c) [133] . The best performing ILs are understood to soften the PSS domains, while simultaneously promoting connectivity and crystallinity of PEDOT-rich regions, as illustrated in Fig. 7c , left-hand side. This morphology enables both high conductivity and enhanced elastic performance (Fig. 7c, right) , with Young's modulus values as low as 28 MPa [139] . 3.1.2.1. VPP/CVD Modification of the mechanical properties is essential for VPP/CVD of PEDOT films in order to take full advantage of the possibility to coat complex or insulating substrates. Only a few examples exist to date aimed at improving the elasticity of VPP PE-DOT, where advancement has primarily been achieved through the use of co-polymer additives and hybrid-systems. Interestingly, Lamont et al. employed an elastomer designed for biodegradability, poly(glycerol sabecate) (PSG), to achieve a hybrid network with good response up to 25 % strain. PSG was impregnated with the oxidant solution (butanol) and VPP was subsequently carried out, creating a PEDOT network throughout the film [140] . In 2017, Boubee de Gramont et al. reported the highest stretchability achieved by vapor phase polymerized PEDOT to date [141] . This was accomplished using electrospun fibers containing a carrier polymer, polyvinylpyrrolidone (PVP), with iron(III)Tos oxidant and imidazole reaction inhibitor. The fibers were spun onto a PDMS substrate and followed by VPP, resulting in stretch performance up to 140 % while retaining conductivity.In order to quantify and compare the stretch performance, as well as the mechanical performance in general, appropriate characterization techniques must be employed. The following tables give an overview of available techniques, many of which are utilized to obtain the discussed results.
Electronic/electrochemical properties
Conductivity
Although the conductivity of the various PEDOT-based films is a topic that has come up briefly in other sections, here we overview the most successful methods for achieving improvement of this property. Good conductivity is important to most bioelectronic devices and must be maintained while adjusting other material parameters for application-based optimization.
Electropolymerization
Measurement of the conductivity of electropolymerized PEDOT films is not straightforward, as the deposition takes place on a conductive substrate. Typical characterization techniques such as two-or four-point probe measurements, which are made by placing the two or four electrodes onto the polymer film to be evaluated, give erroneous values due to the underlying conductive substrate. One technique to bypass this obstacle and allow quantification of electropolymerized PEDOT conductivities includes the construction of two (or more) band electrodes separated by micrometer-scale-thick insulators and subsequent polymerization until the electrodes are "bridged" by the conductive film ( Fig. 8a, b) [36, [151] [152] [153] . A secondary method involves polymerization within the micrometer-and nanometer-scale diameter holes of microfiltration membranes. Conductivity measurement of the polymer within the pores is then made by contacting each side with gold electrodes and applying pressure [154] .Through use of the microfiltration membrane technique, Granström et al. demonstrated that the conductivity of geometrically restricted polymerization has a strong dependence on the pore size. This work investigated a variety of conducting polymers, and the use of PEDOT:ClO 4 in the smallest pores (10 nm) resulted in the highest conductivity 780 S cm −1 [154] . Aubert et al. looked into a wider assortment of counterions, as well as employing both EDOT and EDOT-C 14 monomers. The importance of an optimized oxidation potential was emphasized and ClO 4 -also demonstrated the highest conductivities in this study, reaching 400 S cm -1 for PEDOT and 1100 S cm -1 for PEDOT-C 14 [36] . To our knowledge, this result from 2002 is the highest reported conductivity to date for electropolymerized PEDOT. This is a result of the complex experimental set-up and, in particular for bioelectronic applications, the use of electrochemical impedance as a figure of merit when comparing materials and processes.
Chemical oxidative polymerization
Intuitively, one would not expect an increase in conductivity through the addition of insulating components. This type of additive or secondary dopant has proven to be extremely important, however, for chemically oxidized PEDOT. In Section 2. Although the improvement in performance in this study is impressive, the extreme order in three dimensions shown is not typically observed or expected for PEDOT and is a point that should be further investigated [155] . Proposed applications include the often sought after ITO-alternative for flexible organic photovoltaic devices [7, 59, 134] .PEDOT:PSS. A great deal of work has gone into increasing the conductivity of chemically oxidized, commercially available PEDOT:PSS from its value of 1 mS in the pristine state [70, 73, 156, 157 ]. An early study by Kim et al. in 2002 demonstrated the effect of secondary solvent variation on the conductivity of PEDOT:PSS. Organic solvents including dimethyl sulfoxide (DMSO), N,N-dimethyl formamide (DMF), tetrahydrofuran (THF), and H 2 O were added in varying concentrations to PEDOT:PSS solutions, which were subsequently spin coated. The PEDOT:PSS chain conformation and the doping concentration of the film are understood to be unchanged for the various solvents, while an improvement in conductivity is observed, increasing two orders of magnitude in the case of DMSO (from 0.8 S/cm to 80 S/cm) [59, 158] . This enhancement was presumed to be a screening effect between the dopant and the polymer main chain. This presumption was questioned in a study by Louwet et al. the following year where no ordering of the polymer film was observed when using the high boiling point solvent NMP to attain increased conductivity [159] . Following these initial studies, a great deal of work has gone into improving the conductivity of PEDOT:PSS and understanding the mechanism behind this increase, through the use of additional polar organic solvents (EG, glycerol, sorbitol, methoxyethanol, diethylene gly col, dimethyl sulfate, meso-erythritol, xylitol) [37, 65, 72] , [92, [160] [161] [162] [163] [164] . Further propositions on the mechanism of conductivity enhancement include Pettersson et al. suggesting the reorientation of polymers chains by a plasticizing effect (using sorbitol) and Ouyang et al. on conformation changes of PEDOT chains to more linear or expanded coil arrangements (using EG, among others) [69, 165] . Indeed a great deal of evidence has now been given for conformational changes based on phase separation of PEDOT and PSS regions. A report by Nevrela et al. in 2015 carefully studied these effects based on four selected polar organic compounds (DMSO, EG, DMF, sorbitol) [163] . Emphasis was given to clarify previous false hypotheses on charge transport enhancement as well as to demonstrate the "secondary doping" or co-solvent role of the additives, i.e. influencing film properties, however not present in the final film [156] . Via careful processing techniques a conductivity increase of approximately three orders of magnitude (to 765 S/cm) was achieved, with a nearly identical effect of all four secondary dopants [163] . Raman spectroscopy and the variable range hopping model for charge transport were employed to confirm a three-dimensional hopping behavior, resulting from phase transition of the films creating molecular crystal phases. Donoval et al. corroborated this lack of dependence on secondary dopants in a study using the same four solvents and observing very similar maximum conductivities. Additionally, further evidence was provided on the phase separation of PSS-rich islands, increasing with (secondary) dopant concentration [166] . This conductivity range was also demonstrated by Kim, et al. in 2011 using EG, however by employing an additional EG post-treatment bath for 30 min, the measured values nearly doubled, up to 1418 S/ cm.Post-treatment methods have also been employed using other compounds such as alcohols and strong acids [69, 167, 168] Fig. 8c) [70] . The drying temperature was also found to significantly influence the results.
VPP/CVD Conductivity enhancement of VPP/CVD of PEDOT
has primarily been achieved through control over the polymerization reaction through temperature control and the use of chemical additives. In 2004, Winther-Jensen utilized an organic alkaline additive, pyridine, to investigate and modulate the influence of pH on EDOT polymerization. A significantly higher conductivity compared to previous results (over 1000 S/cm) was achieved by controlling the acidity and avoiding unwanted acid-initiated side reactions [57, 58] . This use of alkaline rate inhibitors was further explored by Kim et al. in 2007 reaching a conductivity value of 4500 S/cm while also achieving~90 % transparency [91] . In this work, an investigation of different counterions (ToS vs Cl) and the effects of temperature variation during VPP was carried out, with various ensuing polycrystalline structures, highly dependent on chamber temperature ( Fig. 8d-g) [91] . Through careful control of process parameters and suppression of crystal growth, high-quality PEDOT films were prepared on flexible substrates with conductivity/transparency performance analogous to ITO. The same year, Im et al. further demonstrated the importance of temperature during CVD using iron(III)Cl 3 , with resulting conductivities over a range of five orders of magnitude and demonstration of work function control from 5.1 to 5.4 eV [92, 170] . Over the following five years, several groups carried out studies to more precisely understand the effects and limitations of alkaline or amphiphilic copolymer additives, the presence of water (i.e. the relative humidity during reaction) and the growth mechanism of the process as the monomer reaches the substrate [89, 122, [171] [172] [173] [174] . Evidence for "bottom up" polymer growth has been given and this understanding along with additive/parameter optimization has led to reproducible, smooth, and highly conductive films, mainly for opto-electronic applications. Recently, the highest PEDOT conductivity values to date have been reported by Cho et al. (on average 7800 S/cm, up to 8800 S/cm) [93] . In this example, the small Cl − counterion was again employed in a selective printing process of the iron(III)Cl 3 oxidant with a polyurethane acrylate (PUA) mold, enabling the formation of monocrystalline PEDOT nanowires (Fig. 8h ). The use of these nano-structures allowed for the advantage of a compact PEDOT:Cl film with the smallest reported π-π stacking distance and high carrier mobility (up to 88 cm 2 /V-s), while avoiding negative crystal formation effects observed in previous studies using iron(III)Cl 3 [91, 175] . Field effect transistors (FETs) were fabricated on a transparent, flexible substrate taking advantage of the single-crystal PEDOT nanowires as flexible electrodes [93] . In general, the excellent electrical performance of vapor-deposited PEDOT is a result of the consecutive stacking of individual monomers as they reach the substrate. This enables a highly ordered polymer and a resulting crystalline nature of the film [89, 95] .
Summary
In summary, additives and processing parameters significantly affect the resulting polymer film. Variation of these parameters may be used to optimize PEDOT and CPs in general for specific applications. An overview of the polymerization processes in general are given in Table  3 along with the most influential investigations and impressive results. Here the best performers in various categories and for the different polymerization processes are given. In the following section, selected bioelectronic applications making use of these advancements are discussed.
Applications
In this section, we highlight research in the field of bioelectronics that has benefited from the tunable nature of PEDOT. Many examples make use of adjustments affecting the mechanical properties, which improve conformability, flexibility, and stretchability for applications at the interface of biology and electronics. In general, these devices and materials fall into two categories depending on where they are applied: 1) non-invasive, including non-implantable wearable devices for a variety of physiological sensor applications and 2) invasive, including systems used to build in vitro tissue models, and implantable devices for in vivo applications.
Wearable bioelectronic devices
Sensors applied directly onto the skin or those patterned on textiles aim to record electrophysiological signals, changes in temperature, hydration, pressure/strain levels, and a variety of biochemical species (such as ions, proteins, metabolites, oxygen) in real time. Advancement of conformable sensors mounted onto the skin, integrated into textiles, or developed further to integrate with soft robotics will revolutionize diagnostics and healthcare [2, 14] . The translation of these devices to daily life depends largely on the mechanical compatibility, durability, and processability of the conducting material.
Strain sensors
Continuous monitoring of strain values is important in order to quantify body movements for medical assessment of muscles during sports, rehabilitation, and for injury prevention [180] . The use of PEDOT has aided in the advancement of this type of sensor. Reported results include not only reversible changes in the electrical properties (capacitance or resistance) upon mechanical deformation due to elongation and bending, but also the ability to endure repeated strain cycles. Improvement of the viscoelasticity is essential for this application field, which has been improved by Lipomi et al. employing pre-stretched PDMS substrates. In order to maintain good conductivity and to provide wettability on the hydrophilic PDMS, PEDOT:PSS was blended with a nonionic surfactant (i.e. Zonyl) and DMSO [134] . Savagtrup et al. further investigated the effects of the Zonyl/DMSO ratio on the mechanical and electrical properties, and applied this to a wearable electronic sensor capable of measuring resistance variation as a function of bending strain [21] . The optimized film was coated on a PDMS substrate and attached to a glove, acting as a gauge to predict the maximum strain associated with the bending and unbending of the fingers (Fig. 9a ). The Zonyl/DMSO-modified PEDOT:PSS film endured repeated deformation of 20 % strain. The capability to register the variation of resistance as a result of elastic deformation each time is a result of the attained mechanical robustness. This type of plasticized PEDOT:PSS could prove valuable in providing electronic feedback for medical prosthetics.
Pressure sensors
Whereas strain sensors detect lateral (tensile) strain, pressure sensors aim to sense the magnitude of force acting vertically on a plane (compressive strain) [139] . When applied to bioelectronics, the sensor requirements are increasingly complicated as good stretchability is also necessary. To provide the low mechanical modulus required by these applications, organic materials are often employed [13] . Common stretchable pressure sensor approaches involve microstructures and multi-material stacks to achieve piezoresistive, piezoelectric, triboelectric, or capacitive response [181] [182] [183] . These techniques aim to improve sensitivity to low-pressure modulation for health diagnostic or electronic skin applications. PEDOT is an ideal candidate for contributing to the advancement of this field, in particular when taking advantage of the possibility to modulate the stretchability and flexibility. Choong et al. demonstrated this through a blend of the polymer with an aqueous PU dispersion, thus endowing PEDOT with mechanical properties that enable its use as a piezoresistive electrode [129] . The peak stretchability performance was shown for 86 % PU in the composition, achieving up to 100 % strain with no cracks produced in the film. Making use of the Zonyl/DMSO additive ratio discussed above for strain sensors [21, 134, 176] , sufficient conductivity was maintained for use as an electrode (ca. 50 S/cm). The piezoresistive effect was realized by coating the PEDOT:PSS/PU composite on top of a micro-pyramid PDMS array with spring-like compressible platforms (Fig. 9b ), microstructures used to increase the pressure sensitivity [129, 181, 184] . With these structures, the tip of the conducting pyramid spreading laterally upon application of pressure, resulting in modulation of the conductivity due to changes at the electrode interface. The good sensitivity was applied to a subject's wrist on a non-invasive bandage. Successful monitoring of blood pressure with high temporal resolution utilizing the micro-pyramid array was achieved.
Temperature sensors
Biological temperature changes may indicate a variety of diseases, muscle movements, and the healing of wounds [185] . As a result, stretchable temperature sensors that can be mounted on the skin have attracted attention in bioelectronics. Thermistors, or resistive temperature detectors, are often utilized, making use of the principle that the resistance of a conductor varies with temperature. For application to skin, wavy metal lines have commonly been used, sandwiched between intrinsically stretchable substrates [186, 187] . Trung et al. sought to avoid complicated fabrication processes through the development of a device fully composed of intrinsically stretchable materials which also achieves high transparency. Various composites were employed to modulate the material properties, creating a transparent and stretchable resistive organic temperature sensor. This study additionally expanded to a transistor layout capable of temperature and strain sensing by material modulation [191] . Once again taking advantage of the elastic properties of PU (as the example for stretchable pressure sensors), the fabricated transistor temperature sensor consists of a stretchable PE-DOT:PSS/PU composite as the source, drain, and gate, a PU gate dielectric, and a reduced graphene oxide (rGO) nanosheet/PU composite temperature-sensitive channel [191] . The resulting structure exhibited stretchability up to 70 % as well as maintaining its response after 10,000 stretching cycles to 30 % strain. High temperature sensitivity of the transistor was achieved with~1.3 % resistance change per°C , whereas the thermistor counterpart using the same temperature sensitive material exhibited 0.9 %/°C. Biological application was demonstrated by adhering transistor arrays to the skin using a patch, capable of minute temperature change detection, as small as 0.2°C. In addition, strain sensors were realized exchanging Ag nanowires for rGO in the same transistor layout with PEDOT:PSS/PU composite. These were mounted on the neck or arm of a test subject, allowing for simultane 14 The pressure sensor captures real-time arterial pulse waves from the wrist of the subject [129] . c) An EEG sensor based on PEDOT:PSS fabricated on a 2 μm thick parylene film [188] . d) PEDOT:PSS-based electrodes printed on a commercial textile with a zoomed view of an individual electrode. When wrapped around the finger the sensor measured ECG signals with high quality over 40 days [189] . e) An OECT with PEDOT:PSS as the active layer on a bioresorbable PLGA substrate, used for recording ECG signals [190] . Applications shown in c)-e) use PEDOT:PSS formulations incorporating silanes and the surfactant DBSA to enhance the mechanical properties of the film. Blue borders group images from specific studies.Reproduced with permission of: [21, 129, [188] [189] [190] (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
ous detection of temperature changes and muscle movements during sport activity or as hot water was drunk. This work represents an example of the promising advancement toward all organic-based "electronic skin" or sensors for soft robotics.
Sensors of electrophysiological signals
The electrical activity of a biological system, such as an organ or tissue, is one representative measure of the physiological state of the system. For example, clinical monitoring of electrophysiological signals to identify a particular pattern can be used to detect a specific pathological state [192] . In general, when mounted on certain parts of the body, electrophysiological recording devices employing electrodes or transistors can monitor a variety of biological systems, including the cardiac cycle (electrocardiography, ECG), eye movement (electrooculography, EOG), or neurological rhythms (electroencephalography, EEG). The quality of these recordings is largely governed by the magnitude of the electrochemical impedance (discussed briefly in Section 2.1.1) at the electronic/skin interface. Due to the mixed ionic/electronic conduction and the resulting inherently low electrochemical impedance of PEDOT, electrodes made of this material show very good recording quality. Applications with electrodes fabricated photolithographically on flexible polyimide or more compliant parylene substrates have been reported to measure EEG signals [188, 193] , while a few of PEDOT electrodes printed on paper [194] or textiles [189, [195] [196] [197] [198] have successfully recorded ECG signals (Fig. 9c, d) . For instance, ink-jet printed PE-DOT electrodes provided high-quality ECG recordings, resistant to deformation. The reported conductivity of the electrodes remained constant withstanding more than 2000 cycles of bending [194] . As the electrodes are metal-free, an additional advantage of straightforward device recycling could be envisioned [158] . An important aspect of the production of these devices involves modulation of the viscosity to attain optimized printing of the film. Bihar et al. achieve good printability through the use of surfactants in addition to the utilization of GOPs to stabilize the polymer. Optimized inks reduce the rigidity of printed films and increase compatibility with nonlinear substrates such as paper or textile. The use of PEDOT-based electrodes has also demonstrated great potential for recording brain signals with implantable de 15 vices [43, [199] [200] [201] . A focused discussion of implantable applications will be given Section 3.2.3, while the following two sections will review various PEDOT modifications aimed at improving soft actuators or in vitro tissue scaffolds. Before moving on to these fields, a promising technology to further improve biological recording quality must be introduced. Organic electrochemical transistors (OECTs) are amplifying transducers ideal for bioelectronic applications as they translate fluctuations in the ionic potential of the biological media into an electrical signal, i.e., a change in the transistor drain current. The figure of merit is the transconductance, which defines the signal amplification and which was shown to be record-high when compared to other transistor technologies [202, 203] . To date the OECT has most often been studied using PEDOT:PSS films optimized with secondary dopants or additives to achieve maximum ionic and electronic performance. The ability to attain higher resolution recordings through improved signal-to-noise ratio (SNR), along with the possibility of direct contact with the electrolyte or tissue and low needed driving voltages, add to the attractive nature of the OECT. Demonstrations of employing this technology to record electrophysiological signals with PEDOT-based OECTs include neural recordings from cortical devices (Section 3.2.3) [201, 204, 205] , as well as cardiac signals [190] . To achieve the latter, OECT arrays for ECG signal recordings ( Fig. 9e ) were fabricated on bioresorbable transparent poly(L-lactide-co-glycolide) (PLGA) [190] . The importance of incorporating an epoxy crosslinker additive in the PEDOT:PSS suspension and maintaining pH neutral conditions were noted to be important in order to ensure the mechanical stability and adhesion to the substrate.
Artificial muscles/soft actuators
Human muscle accommodates large strain as a result of a chemical stimulus. To mimic the natural movement of a muscle, one approach is the use of soft electrodes that elongate or move when driven by an electric field without increasing in stiffness. Conducting polymers are promising candidates for this type of artificial muscle design, as well as for further electromechanical transduction applications (such as power generators), as they can reversibly change their dimensions upon electrochemical (de)doping at low voltages [206] [207] [208] [209] . During electrochemical oxidation/reduction, ions and the associated solvent molecules from the surrounding electrolyte solution penetrate inside the polymer matrix. This ion flux has been suggested as the main cause for mechanical movement, as the reaction results in physical separation of the chains and large displacements in the volume of the film [210] [211] [212] . Layered structures may be constructed to take advantage of these physical changes within the film, producing microactuators intended (in some cases) for artificial muscle design. These are often tri-layered actuators in which at least two electrodes (cathode and anode) are necessary [213] . While an additional ion transport layer is also essential, CPs provide interesting candidate materials for the electrodes. Recent developments regarding ILs (discussed in Section 3.1.1) provide an excellent solution for the ion conduction layer and have driven artificial muscle design to a new level enabling performance in air. The solid-state electrolyte layer (i.e. IL) or a gel membrane is sandwiched between two CP films, and the motion of ions between the two films causes a deflection movement. In order to withstand the mechanical force resulting from this movement, the electrodes must be elastic and highly adhesive to the electrolyte layer in the middle. In 2012, Li et al. developed stretchable and highly conductive PEDOT/PSS films by adding sugar alcohols and monitoring the effects of temperature on the mechanical properties during subsequent heating of films [214, 215] . In 2014 the same group made use of the modified PEDOT layers, separated by an ionic liquid/PU composite gel (i.e. the source of mobile ions), and applied a DC voltage to the electrodes (Fig. 10a) [216] . The resulting actuator bends towards the anode reversibly at low operation voltages (<1.5 V) and functions up to 50 Hz. The mechanism of bending is mainly associated with the electric double layer and polarization caused by electrophoretic diffusion of ionic liquid in the PU matrix.
Tissue engineered conducting scaffolds
Research in the field of tissue engineering targets the production of artificial tissue that mimics the functionality and complexity of natural tissue. Engineered tissues can be used for pharmaceutical drug testing or implanted in the body where needed. In order to provide an environment outside of the body in which cells will grow in a more natural way, a scaffold is needed. This is a mechanical support which is similar to the extracellular matrix (ECM) surrounding cells in vivo, particularly at the initial stages of growth. Although flat surfaces such as petri dishes can supply mechanical support, it known that cells cultured on flat surfaces do not faithfully capture the physiological behavior of cells grown in vivo [217] . Moving from two-dimensional to three-dimensional (3D) substrates is one method to provide a more natural growth environment, thus eliciting a more physiological state of the resulting culture. Based on this, a large variety of 3D models have been developed, including scaffolds based on synthetic and bio-derived polymers. The mechanical properties of the scaffold material play a major role in determining cell adhesion, proliferation and functionality [218, 219] . Indeed, it has been demonstrated that certain cell types only become functional on materials with a particular stiffness [220] .
A variety of conducting scaffolds based on PEDOT have been prepared for interfacing cells in vitro, making use of straightforward modulation of mechanical properties [221, 222] . A recent approach involves processing CPs in the form of foams/sponges [223] . Freeze casting a dispersion of PEDOT:PSS with a relatively high amount of the often employed silane-based crosslinker, GOPs, enables soft, porous, conducting foams, resilient to pressure and water ( Fig. 10b) [224] . The pore size, density, softness and mechanical integrity of scaffolds are modified by the content of the crosslinker and the processing parameters. These scaffolds have been successfully used to host mammalian cells, which were also shown to be responsive to the oxidation state of the conducting network. The conducting scaffold was used in an impedance monitoring platform, signaling the presence of kidney endothelial cells [225] . The elasticity of the scaffold can be tailored to meet the needs of a particular cell type by the inclusion of collagen in the PEDOT:PSS dispersion. This not only reduces the Young's modulus of the scaffolds, but may also improve the biocompatibility.
An alternate method for the development of 3D scaffolds involves the combination of PEDOT with hydrogel networks. A study by Teshimi, et al. incorporated PEDOT:PSS into a cross-linked silk fibroin hydrogel matrix, investigating the effects on electrical and mechanical properties, including variation of the mechanical stiffness as a result of silk fibroin content in the matrix. Using this method, microelectrodes for stimulation of primary neuronal cells were reported. The system additionally benefits from transparency of the materials which allows for simultaneous electrical stimulation and fluorescence imaging (confocal laser scanning microscopy) of the voltage gated calcium channels expressed by the utilized Chinese hamster ovary (CHO) cells [226] . In a separate study, Green, et al. hybridized PEDOT with anionic hydrogels (heparin and PVA/heparin composites), which impart mechanical softness to the CP [178] . The resulting mechanical properties reach a modulus close to 2 MPa, softer than PEDOT:pTS film analogues, while maintaining similar electroactivity. Although PC12 cells showed similar adhesion behavior to these hydrogels when compared to pristine PE-DOT:pTS surfaces, neurite growth was halved. Sasaki, et al. developed 3D conductive conduits composed of PEDOT/PU within a hydrogel matrix, which may be used as electrodes (Fig. 10c ). These hybrids are autoclavable and biocompatible with muscle and neuronal cells. They display stable and highly conducting behavior over a range of physiological strain levels, however cell-loaded soft scaffolds have not yet been 16 The photograph of the actuator shows the bending of the device with applied electric field, and its recovery after removal of the electric field [216] . b) GOPs modified PEDOT:PSS scaffold for engineering artificial tissues. The scaffold can be fabricated in different geometries. Young's modulus of the swollen scaffolds can be modulated through inclusion of a softer biomaterial in the composite, such as collagen [224] . c) A crossectional image of PEDOT:PSS/PU fabricated on a hydrogel. Fluorescent microscope images show attachment and proliferation of C2C12 muscle cells on the conducting hydrogel hybrid. Dual staining of cells was used to identify live (green) and dead (red) cells [227] . Scale bars are 200 μm. d) PEDOT:PSS microelectrode array is fabricated on a parylene substrate. Left: The device conforms to the surface of an orchid petal (scale bar 5 mm). The inset is an optical micrograph of a 256-electrode (10 × 10 μm 2 ) array (scale bar 100 μm) [228] . Right: The device conforms to the surface of the rat somatosensory cortex and records single unit activity [199] . e) SEM images of the fluorosilicone-coated soft wire including a blend of PDMS and PEDOT-PEG polymer in its core. The soft microwire and a stiff tungsten wire were implanted into the rat brain using a shank. The number of neurons around soft implants was significantly higher than those around the stiff implants (NeuN staining) and soft microwire leads to less tissue damage after 8 weeks of implantation (IgG staining) [229] . f) PEDOT without (middle, left) and with CNTs (middle, right) showing good performance over multiple weeks implanted in vivo (right) [104] . Blue borders group images from specific studies.Reproduced with permission of: [216, 224, 227, 228, 199, 229, 104] (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
applied for electrical and mechanical stimulation experiments [227] . The achievements to date in this area are promising, with room for improvement through further optimization of material properties and supplementary studies with various cell types.
Implantable electronics
Flexible and stretchable electronic devices offer great advantages when applied as neural interfaces. Intimate contact with the tissue improves the ability to record and stimulate activity of individual or selected populations of neurons. These devices may be used to map brain activity, restore motor function through spinal cord stimulation, stimulate the heart to maintain a normal rhythm, or restore vision or hearing [230] [231] [232] [233] . The stability, biocompatibility and long term functionality of the devices, which require a surgical operation for implantation, are much more critical when compared to skin-mounted devices. Excellent reviews on recent developments of implantable device technologies focus on the challenges that hinder widespread application in clinical environments [12, 200, 234] . One of the biggest issues for implantable electronics is the foreign body response of biological tissue to implants.
The mechanical mismatch between the soft neural tissue and the rigid electronics generates glial scarring at the neural interface [200] . The resulting scar tissue creates a physical distance between the electrode array and neurons, reducing recording or stimulation efficiency. Due to the signal attenuation across this distance, the level of recorded brain signal drops and for stimulation applications a higher level of current/ voltage must be applied to the tissue. As typically used metals are more than 4 orders of magnitude stiffer than neural tissue [235] , soft materials are desired both for shuttles and recording electronics to reduce micromotion-induced tissue damage [229] . Due to their inherently softer nature, the potential of conducting polymers have been widely explored in the past two decades, aspiring to prevent glial scarring for long-term use [200] . PEDOT-based films have received a great deal of attention for this goal, although not only due to the possibility to attain softer mechanical properties. When coated on conventional metal or metal oxide probes, PEDOT has been shown to improve electrode characteristics by way of reduced electrochemical impedance at the neural tissue/electrode interface. Surface electrode arrays represent the less invasive form of implantable neural electronics as they do not penetrate into the tissue. As electrocorticography (ECoG) arrays are placed directly on the cortex, they greatly benefit from the overall softness and flexibility of the materials, which enhances conformability to the brain surface [11] . The continuous close contact with cortical tissue, along with the possibility to reduce the electrochemical impedance of the electrode using CPs, are significant advantages for this technology. Over the last decade, a handful of research groups have developed PEDOT-based microelectrode ECoG arrays [228, 236, 237] . Castagnola et al. have developed electropolymerized PEDOT:CNT coatings on ECoG arrays employing polyimide substrates [236, 238] . in vivo recordings of somatosensory evoked potentials elicited though multiwhisker deflections were shown with signal power in the 0−250 Hz band enhanced by 3.4 fold as well as a threefold increase in SNR when comparing PEDOT:CNT coatings to uncoated gold electrodes [238] . Khodagholy et al. developed extremely flexible parylene-based system (2−4 µm overall thickness) as well as a sacrificial layer peel-off method to allow spin-coating of PEDOT electrode coatings (Fig. 10d) . PEDOT:PSS films are cast from dispersions containing additives EG, DBSA, and GOPs and the resulting low-impedance ECoG microelectrodes, termed NeuroGrid, demonstrated the impressive ability to record single-unit activity from the surface of the rodent brain [199] . Additional work utilizing the same material system includes a demonstration of comparable signal quality from the surface grid when compared to a standard Ir penetrating depth probe as well as extension of the Neurogrid to studies of the human brain [228, 239] . These are important results, demonstrating the advancements in research on neural interfaces and the progression towards clinical application of optimized systems. Finally, highly conformable arrays of OECTs using an analogous material system, including the same PEDOT composition in the channel, showed improved SNR of electrophysiological recordings when compared to PEDOT electrodes. This is due to the local amplification of the OECT and demonstrates the potential use of OECTs for in vivo recordings, which could potentially be used to record small and more local activity [205] .
Improvements in neural signal quality through the use of conducting polymer coatings on implantable depth probes have also been well demonstrated. Important points of progress include reduction of Young's modulus to avoid the above mentioned foreign body response, reduction of electrochemical impedance to attain higher SNR of recorded signals, and long-term stability of the PEDOT films. A great deal of work has gone into investigations of various counterions, revealing that electropolymerized PEDOT performance depends largely on the dopant anion. PEDOT films become softer as the size of the counterion is reduced in the dry state, however performance in the hydrated state is much more applicable to bio-interfacing conditions [240] . Once the material is hydrated, the softness of the film depends more on the hydrophilicity of the dopant molecule regardless of its size. The use of PSS, for instance, was found to produce films with the lowest elastic modulus in the swollen state when compared to small ions [241] .
The incorporation of additives or other materials, as discussed in Section 3, has been explored in order to attain higher levels of stability as well as improving mechanical elasticity of implantable probes [178, 242] . An example application achieving softer implants, investigated by Kolercik et al., involves the fabrication of elastomeric PE-DOT microwires. The wires possess an inner conductive core, comprised of PDMS and a lauryl terminated PEDOT-PEG copolymer, and an outer insulating fluorosilicone layer (Fig. 10e) [229] . The resulting microwires had a Young's modulus of~970 kPa, five orders of magnitude lower than tungsten counterparts and the lowest among PEDOT-based neural electrodes thus far. By altering the ratio of elastomer to conducting polymer, the wires were optimized to exhibit low impendence while maintaining the flexibility of the elastomer. The conductivity re mained constant through hundreds of bending/unbending cycles. Neural recordings from the rodent visual cortex were made, capturing activity resulting from drifting bar stimulation.
Although significant advancements have been made regarding the mechanical and electrical properties of PEDOT-based systems, a significant obstacle lies in the long-term stability to promote application of the developed systems, a vital concern for chronic implantations. A great deal of improvement has been achieved through the use of additives or exchange of utilized dopant ions to increase the mechanical integrity and improve adhesion to substrates, however the majority of studies only show results for up to 1-2 weeks [22, 46, 47, 51] . In 2016, Kozai et al. reported an impressive improvement in recording duration of up to 154 days through the use of PEDOT electropolymerized using CNTs functionalized with carboxylic acid groups (Fig. 10f) [104] . The use of CNTs mechanically reinforces the polymer and prevents cracking previously observed during chronic experiments. It should be noted that PE-DOT:PSS without CNTs maintained lower impedance over the initial 84 days, however the signal quality of PEDOT/CNT electrodes was better along with the longer recording capability. Research to further improve device stability over time will be valuable in order to move from promising experimental results towards clinically usable bioelectronic devices [104, 243, 244] .
Summary
In summary, modified PEDOT films hold the potential to positively impact a variety of research and production fields ranging from solar energy harvesting and display technologies to bioelectronics and soft robotics. In this section we have aimed to give an accurate overview of the influential bioelectronic applications that have benefitted from tailored PEDOT films. Through process modifications and/or application of additives, significant advancements have been made in this field through improvement of properties such as conductivity, Young's modulus, transparency, and mechanical/electrochemical stability. Further development of PEDOT, as well as new material systems, in the following years will be extremely interesting regarding advancements in bioelectronics.
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